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Stem cells are useful for cell replacement therapy. Stem cell diﬀerentiation must be monitored thoroughly and precisely prior to
transplantation. In this study we evaluated the usefulness of electric cell-substrate impedance sensing (ECIS) for in vitro real-time
monitoring of neural diﬀerentiation of human mesenchymal stem cells (hMSCs). We cultured hMSCs in neural diﬀerentiation
media (NDM) for 6 days and examined the time-course of impedance changes with an ECIS array. We also monitored the
expression of markers for neural diﬀerentiation, total cell count, and cell cycle proﬁles. Cellular expression of neuron and
oligodendrocyte markers increased. The resistance value of cells cultured in NDM was automatically measured in real-time and
found to increase much more slowly over time compared to cells cultured in non-diﬀerentiation media. The relatively slow
resistance changes observed in diﬀerentiating MSCs were determined to be due to their lower growth capacity achieved by
induction of cell cycle arrest in G0/G1. Overall results suggest that the relatively slow change in resistance values measured by
ECIS method can be used as a parameter for slowly growing neural-diﬀerentiating cells. However, to enhance the competence of
ECIS for in vitro real-time monitoring of neural diﬀerentiation of MSCs, more elaborate studies are needed.
1.Introduction
Due to their long-term self-renewal capacity and multilin-
eage diﬀerentiation potential, stem cells have been consid-
ered as useful replacement material to heal cellular injuries
caused by trauma, infection, and genetic diseases. However,
stem cells must be diﬀerentiated into the appropriate cell
types prior to transplantation for cell replacement therapy;
otherwise, the risk of tumor formation cannot be ruled out
[1].Inaddition,thepurityandyieldofdiﬀerentiatedcellsare
critical for successful stem cell therapy [1]. For these reasons,
monitoring the process of in vitro stem cell diﬀerentiation is
important.
In general, reverse transcription polymerase chain re-
action (RT-PCR), Northern and Western blotting, imm-
unoﬂuorescence assays, and ﬂow cytometric analysis for
particular markers have been applied to detect in vitro stem
cell diﬀerentiation. In addition, genomic and proteomic
analysis are also sometimes used. However, all the methods
mentioned are labor-intensive multistep processes, which
are end-point assays that oﬀer only a snapshot of what is
occurring. These techniques usually involve labeling with
nucleic acids or antibodies and destruction of the cells. To
successfully examine dynamic cellular processes in live cells,
nondestructive real-time monitoring methods are needed.
Electric cell-substrate impedance sensing (ECIS) is a
noninvasive approach which has been used to analyze
the morphological and electrophysiological characteristic
of living cells [2, 3], cell growth [4, 5], cell death [6],
cytotoxicity [7], cytopathy [8], and cell migration [9].
Furthermore, Cho et al. [10] and Hildebrandt et al. [11]
reported the possibility of impedance measurement for2 Journal of Biomedicine and Biotechnology
the label-free characterization of adipogenic or osteogenic
diﬀerentiation of bone marrow-derived stem cells which
couldthenbecorrelatedwithmorphologicalorphysiological
changes caused by diﬀerentiation.
In the present study, we performed neural diﬀerentiation
of human umbilical cord-derived mesenchymal stem cells
(hMSCs) according to a previously established diﬀerentia-
tion protocol [12] and attempted to evaluate the usefulness
of ECIS for real-time monitoring of diﬀerentiation by
measuring the resistance change of the cell layer.
2.MaterialsandMethods
2.1. Cell Culture Conditions. Human mesenchymal stem
cells obtained from umbilical cord matrix (hMSC-UC)
(PromoCell GmbH, Heidelberg, Germany) were cultured in
MSC growth medium (PromoCell) supplemented with 0.5x
antibiotic-antimycotic (Gibco, MD, USA) in 100mm-cell
culture dishes. Cells were incubated at 37◦C in a humidiﬁed
atmosphere containing 5% CO2 for 7 days, and the culture
medium was changed once every 2-3 days. When 80–90%
of adherent cells were conﬂuent, they were harvested with
0.05% trypsin-EDTA solution (Gibco). To determine the
usefulness of ECIS for real-time monitoring of neural diﬀer-
entiation of hMSCs, the cells were divided into 3 groups as
follows: normal growth medium (NGM), neural induction
medium(NIM),andneuraldiﬀerentiation medium(NDM).
Cells in the NGM group were maintained in NGM for
139hrs. Cells in the NIM group were incubated in NGM
for 16hrs, then transferred to NIM consisting of NGM
supplemented with 10ng/mL basic ﬁbroblast growth factor
(b-FGF) (Invitrogen, Carlsbad, CA, USA), and then cultured
for 123hrs. Cells in the NDM group were cultured in NGM
for 16hrs, transferred to NIM and cultured for 24hrs and
ﬁnally transferred to and maintained in NDM consisting
of NGM supplemented with 1% dimethylsulfoxide (DMSO,
Sigma Aldrich Corp., St. Louis, MO, USA) and 200μM
butylated hydroxyanisole (BHA, Sigma) for 99hrs.
2.2. ECIS Assay. For the impedance characterization of
hMSC behavior during neural diﬀerentiation, single-
electrode arrays with a gold layer were prepared (8W10E
+, Applied BioPhysics, Troy, NY, USA). After placing 400μL
of media in the wells, the electrode arrays were allowed to
equilibrate in an incubator for 30min. For the inoculation
of cells, 400μL of cell suspension (3.725 × 104 cells per
mL) was transferred to each well, resulting in a ﬁnal
surface concentration of 1.875 × 104 cells per cm2.A f t e r
the electrode arrays were located in the well station to
interface each electrode with the measurement system (ECIS
Z, Applied BioPhysics), the resistance of cells was monitored
during cultivation with or without the diﬀerentiation factor.
The resistance of cells was recorded every 5min by applying
the input current of 1μA at 16kHz between a small sensing
electrode (250-μm diameter) and a relatively large counter
electrode.
2.3. Immunocytochemistry. To evaluate the immune pheno-
type, hMSCs were cultured with or without NDM in 8-well
plates (Lab-Tek, Nalge Nunc International, Naperville, IL,
USA) and tested with an intracellular immunoﬂuorescent
staining ﬂow analysis kit (Imgenex, San Diego, CA, USA)
according to the manufacturer’s protocol. For this purpose,
cells were incubated with speciﬁc antibodies directed against
diﬀerent phenotypic markers, including: the neural pre-
cursor marker, nestin (1:100, Chemicon, Temecula, CA,
USA), the class III β tubulin (1:100, Tuj-1, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), the astrocyte marker,
GFAP (1:50, Zymed Laboratories; San Francisco, CA, USA),
the oligodendrocyte marker, O4 (1:50, Chemicon), mouse
IgG (1:100, Cedarlane, Hornby, Ontario, Canada), rat IgG
(1:100, Jackson ImmunoResearch, West Grove, PA, USA),
and mouse IgM (1:100, Chemicon). Cells present in 10
optical ﬁelds (300x) were examined under a Nikon Eclipse
TE2000U microscope and analyzed with Nikon NIS Ele-
ments Basic Research software. The percentages of positive
cells for each antigen were obtained and compared to the
total number of cells labeled with Hoechst stains.
2.4. FACS Analysis. Human MSC-UCs were recognized by
immunophenotype using monoclonal antibodies (mAbs)
speciﬁc for PE-CD13, FITC-CD44, PE-CD14, FITC-CD34,
PE-CD90, PE-CD73 (BD Pharmingen, San Diego, CA, US),
RPE-CD105, and RPE-CD45 (AbD Serotec, Oxford, UK).
For immunophenotypic analysis, hMSC-UCs were detached
using trypsin/EDTA for 5min, then immediately washed
with phosphate-buﬀered saline (PBS) to remove trypsin, and
resuspended at 106 cells/mL. Cells were stained with speciﬁc
mAbsat4◦Cfor30mininPBSthenwashedandresuspended
in PBS. At least, 10,000 events were analyzed using a
Beckman Coulter FC500 ﬂow cytometer (Beckman Coulter,
Fullerton, CA, USA) and Beckman Coulter Cytomics CXP
software (Applied Cytometry Systems, USA).
2.5. Cell Count and Cell Cycle Analysis. Cells were plated
on 12-well culture plates at a density of 1.875 × 104
cells/cm2.A f t e r3 6h r so fn e u r a ld i ﬀerentiation, the cultures
were trypsinized and the total cells were counted on a
hemocytometer. Cell cycle analysis of hMSCs was performed
after 24hrs of neural diﬀerentiation. hMSCs (106)w e r e
washed with PBS 3 times, ﬁxed with ice cold 70% ethanol,
a n ds t o r e da t4 ◦C for a minimum of 1hr. After 3 more
washing steps with PBS, the DNA of the hMSCs was
stained with propidium iodide/RNase staining buﬀer (BD
Biosciences, Heidelberg, Germany). The samples were then
incubated at room temperature for 15min and analyzed by
ﬂow cytometry.
2.6. RNA Extraction and RT-PCR. Total RNA was isolated
using QIAamp RNA Blood Mini Kits (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. The
concentration and purity of the RNA were determined by
reading at OD260/280. The cDNA was synthesized from 2μg
of total RNA with a MMLVRT (Beams Biotech, Seongnam,
Korea) using an Oligo (dT) primer (Invitrogen) at 37◦C
for 1hr. PCR ampliﬁcation was performed using the primer
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Figure 1: Morphological and ﬂow cytometric characterization of primary human mesenchymal stem cells (hMSCs). (a) Morphology of
primary human umbilical cord blood-derived MSC cultured in normal growth medium. hMSCs at passages 8-9 have a ﬁbroblast-like
morphology. ×100. (b) Immunophenotyping results of human umbilical cord blood-derived MSCs. Cells at passages 8-9 were stained
with antibodies listed in Section 2 and assayed by ﬂow cytometry. The cells were strongly positive for MSC-speciﬁc markers, such as CD13,
CD44, CD73, CD90, and CD105, while negative for the hematopoietic stem cell markers CD14, CD34, and CD45. Staining for nonspeciﬁc
immunoglobulin G (IgG) isotype ﬂuorescence used as a control is represented by gray ﬁll.
30sec at 95◦C, 30sec at 54–65◦C, and 30sec at 72◦C for 26–
40 cycles preceded by 10min at 95◦C. PCR products were
fractionated by 2% agarose gel electrophoresis, stained with
LoadingSTAR (DyneBio, Seongnam, Korea), and visualized
with ultraviolet light. The bands were quantitated by densit-
ometric analysis using KODAK MI software (Rochester, NY,
USA).
2.7. Statistical Analysis. Data were evaluated for statistical
signiﬁcance using SPSS 12.0 for Windows. Values are
expressed as the mean ± standard deviation (SD). The mean
values were compared using a one-way analysis of variance
(ANOVA) followed by Scheﬀe’s multiple comparison test to
determine diﬀerences between the means.
3. Results
3.1. Characterization of Primary hMSCs. To determine
whether umbilical cord-derived hMSCs purchased from
PromocellhadMSCcharacteristics,weexaminedthecellsfor
morphologic characteristics and expression of MSC-speciﬁc
markers. Figure 1(a) shows that primary MSCs display a
typical ﬁbroblast-like morphology. These cells expressed

























































































































Figure 2: Neural marker expression of hMSCs during neural diﬀerentiation. (a) Immunocytochemical analysis of diﬀerentiated hMSC
with neuronal lineage-speciﬁc antibodies (×300 objective). Cells that had been harvested 72hr after changing to a NDM were stained with
the primary antibodies listed in Materials and methods. Hoechst 33328 was used for nuclear counterstaining. (b) Quantiﬁcation of the
percentage of stained cells from two diﬀerent slides (10 ﬁelds of view, except in the case of O4 with 5 ﬁelds and Tuj-1 with 8 ﬁelds). Data
represent mean ± SD. ∗P<. 05 ∗∗P<. 01. NGM: normal growth media; NIM: neural induction media; NDM: neural diﬀerentiation



























































Figure 3: Neuron-speciﬁc gene expression of hMSCs during neural diﬀerentiation. (a) Cells that had been harvested 6 hr for Nurr-1, 12hr
for NeuroD6, and 48hr for NF-L and NF-M were used in RT-PCR assay. NGM: normal growth media; NIM: neural induction media;
NDM: neural diﬀerentiation media. (b) The relative expression of Nurr-1, NF-L, and NF-M was normalized by GAPDH using densitometric
analysis. Data for NeuroD6 were omitted because bands corresponding to NeuroD6 were too faint to be measured by densitometry.
Table 1: Sequences of the RT-PCR primers.
Sequence (5  to 3 )
Nurr-1 AAA AGG CCG GAG AGG TCG TTT GCC
TGG GTT CCT TGA GCC CGT GTC TC
NeuroD6 CTG AGA ATC GGC AAG AGA CC
CTG CAC AGT AAT GCA TGC CG
NF-L AGA CCC GAC TCA GTT TCA C
A C CT T CA C CT C CT T CT T CT T
NF-M AAG CCA ATC AGA CCA GAA TA
GCA GCG ATT TCT ATA TCC AG
GAPDH A C AG C CT C AA G AT C AT C AG C AA T
AGG AAA TGA GCT TGA CAA AGT GG
and CD73 but not hematopoietic stem cell markers such as
CD14, CD34, and CD45 (Figure 1(b)).
3.2. Neural Marker Expression of hMSC during Neural Dif-
ferentiation. We examined the in vitro neural diﬀerentiation
of hMSCs cultured under 3 diﬀerent conditions slightly
m o d i ﬁ e df r o map r e v i o u sp r o t o c o l[ 12] as described in
Materials and Methods. The expression of neural speciﬁc
markers by cells harvested from the 3 diﬀerent groups
was examined by immunoﬂuorescence assay (Figure 2).
Nestin, known as a neural stem cell marker, was expressed
in hMSCs cultured in NGM indicating that hMSCs are
ready to respond to exogenous signals stimulating neural
diﬀerentiation. Nestin expression was signiﬁcantly reduced
in cells cultured in NDM but not in those in NIM. The
reduction of nestin expression in the cells cultured in NDM
reﬂects their diﬀerentiation. The neuron-speciﬁc marker,
Tuj-1, was expressed in cells cultured in all 3 conditions.
However, the proportion of Tuj-1 expressing cells with
neuron-like morphology was signiﬁcantly higher in NDM
thanintheotherculturemedia(Figure 2(a)).Theexpression
level of the astrocyte marker GFAP in cells cultured in NDM
was not signiﬁcantly diﬀerent from those in the other media.
Although the oligodendrocyte marker O4 was expressed in
the cells cultured in all 3 diﬀerent media, O4-positive cells
were determined to be present more in NDM than in the
other culture media. Similar to microscopic ﬁndings, Tuj-
1-positive cell counts were higher in NDM, followed by
NIM and NGM (Figure 2(b)). O4-positive cell counts were
also higher in NDM than in the other media (P<. 01).
In contrast, GFAP-positive cell counts were not diﬀerent
betweenthe3media,andnestin-positivecellcountsinNDM
were twice as low as in the other groups (P<. 01).
Since the numbers of cells expressing the neuron-speciﬁc
protein marker Tuj-1 in NDM were found to be twice as
high as those in the other media, cellular mRNA expressions
of several neuron-speciﬁc genes were examined by RT-PCR.
As shown in Figure 3, the expression levels of neuronal
markers such as Nurr-1, NF-L, and NF-M in the NDM
groupwererelativelyhigherthanintheothergroups.Overall
resultsindicatethathMSCsculturedinNDMwereeﬀectively








































Figure 4: Resistance monitoring of hMSC layers during the
cultivation with or without the neural diﬀerentiation factor. The
resistancesofcellsweremeasuredevery5minwithaninputcurrent
of 1μA at 16kHz, and the average of normalized resistances was
displayed. Arrows indicate the time points of media change. Error
bar are indicating the standard deviation of the three diﬀerent
experiment (NGM: normal growth media, n = 5; NIM: neural
induction media, n = 9; NDM: neural diﬀerentiation media,
n = 9).
3.3. Resistance Monitoring of hMSC Layers during Cultivation
with or without Neural Diﬀerentiation Factor. We examined
the resistance values of the cell layer in 3 diﬀerent culture
media throughout the culture period to determine whether
ECIS is useful for real-time monitoring of neural diﬀerentia-
tionofhMSCs.Figure 4showstheresistancevaluesofthecell
layer. It was observed that the number of cells attached to the
surface of the gold ﬁlm electrode of the ECIS array naturally
increased during the incubation time (data not shown).
While time course changes of resistance values were not
signiﬁcantly diﬀerent between the 3 groups until 80hrs, the
values for NGM and NIM were sharply increased thereafter
compared to NDM. The maximal resistance values in NDM
were approximately 70% of those in NGM or NIM at 80hrs
after addition of BHA and DMSO to NGM, which is similar
to the time (72hrs) when the neural marker expression level
was signiﬁcantly increased after BHA and DMSO treatment
in a previous study [12]. Overall results indicated that the
maximal resistance values of the hMSC layer in the ECIS
assay correlated with the degree of neural diﬀerentiation.
3.4. Cell Cycle Transition of hMSCs during Neural Diﬀeren-
tiation. In principle, impedance values of the cell layer in
ECIS can increase as the number of cells and/or adhesion
capacity of cells increases. To determine whether relatively
lower impedance values observed in the cell layer in NDM
compared to those in the other groups were due to lower cell
numbers, we examined cell counts in the 3 diﬀerent media.
AsshowninFigure 5(a),thenumberofcellsinNDMwas2.4
timeslowerthanthatoftheothergroups(P<. 05).However,
cell death rates were not signiﬁcantly diﬀerent between the
3g r o u p s( Figure 5(b)). We performed cell cycle analysis by
FACS to determine whether such cell count variations were
due to diﬀerences in the cell cycle process. As shown in
Figure 5(c), G0/G1 cell ratio was higher in cells in NDM
than in the other groups (P<. 01). These ﬁndings indicate
that cells in NDM have a delayed cell cycle and are less
proliferative, which explains why lower cell counts were
obtained in NDM compared to the other media.
4. Discussion
Since hMSCs have the capacity to diﬀerentiate into cells
with a neuronal phenotype in vivo [13, 14]o rin vitro
with speciﬁc culture conditions [15–17], they are considered
as medically useful materials to treat Parkinson’s disease,
spinal cord injuries, and optic neural injuries. However,
the purity and yield of cells diﬀerentiated from stem cells
must be suﬃcient to exert meaningful therapeutic eﬀects.
Therefore, monitoring accurate in vitro diﬀerentiation prior
to transplantation is essential. Noninvasive and real-time
monitoring of in vitro diﬀerentiation of stem cells may
enhance successful stem cell therapy.
In general, stem cell diﬀerentiation leads to two types
of changes; one is change in expression of diﬀerentiation-
speciﬁc genes and the other is partial or complete inhibition
of growth capacity, of cells [18]. Therefore, real-time mon-
itoring of the reduction of growth capacity of stem cells by
ECIS would be useful to detect stem cell diﬀerentiation.
In the present study, we found that the expression
levels of neuron-speciﬁc genes, growth capacity, and cell
cycle processes of cells cultured in NDM were signiﬁcantly
diﬀerent from those in the other two media tested when
the resistance values of the cell layer in NDM began to
diﬀer from the others (∼12hrs after media change with
NDM). In addition, we found that the expression levels of
neuron-speciﬁc proteins of the cells cultured in NDM were
signiﬁcantly diﬀerent from those in the other two test media
at a time when the resistance value of the cell layer in NDM
signiﬁcantly diﬀered from that of the others (∼72hrs after
media change with NDM, Figure 2). Overall results indicate
that cell layer resistance changes reﬂect the changes in cell
number and/or cellular phenotype.
In general, stem cell diﬀerentiation is accompanied by
a decrease in cell proliferation. Similar to our results, cell
number was found to be reduced and cell cycle state was
changed during diﬀerentiation of MSC into dopaminergic
neurons [19].
Our results suggest that the relatively slow changes in
resistancevaluesoftheneural-diﬀerentiatingcelllayerdueto
thereductionofgrowthcapacityaswellasthemorphological
changes in long neuron-like cells can be used as a parameter
to detect neural diﬀerentiation of MSCs. However, a reduc-
tion in growth capacity of stem cells does not always indicate
diﬀerentiation. It may simply indicate cell growth inhibition
or increased cell death. To exclude these possibilities and to























































































aNDM(correspondingto76hrafterculturinginNGMandto60hrafterchangingtoaNIM).Datarepresentmeans ±SD(n = 4). ∗P<. 01.
(b) The numbers of death cells were determined by counting the trypan blue stained cells in a hemocytometer. (c) Flow cytometric cell cycle
analysis of hMSCs cultured under 3 diﬀerent culture conditions. DNA content-related cell cycle distribution of hMSCs was determined 24hr
after changing to a NDM. Data represent means ± SD (n = 6–9). ∗P<. 01. NGM: normal growth media; NIM: neural induction media;
NDM: neural diﬀerentiation media.
their electrophysiological features using in vitro patch clamp
recordings is essential. In this regard, current study has some
limitationtosupportthatECISassaycansolelybeusedforin
vitroreal-time monitoring of neural diﬀerentiation of MSCs.
However, our results suggest that the real-time mea-
surement of cellular electrical resistance by ECIS is useful
to determine the optimal time point for performing con-
ventional assays that require end-product for analysis and
multiple cell cultures to harvest samples at diﬀerent time
points in a non-real-time manner. This will save samples,
reagents, and time used in traditional end-point assays.
5. Conclusion
This study suggests that the relatively slow change in
resistance values measured by ECIS method can be used as8 Journal of Biomedicine and Biotechnology
a parameter for slowly growing neural-diﬀerentiating cells.
However, to enhance the competence of ECIS for in vitro
real-time monitoring of neural diﬀerentiation of MSCs and
to exclude the eﬀe c to fc o m m o np a r a m e t e r ss u c ha sc e l l
number, cell morphology, cell migration, and cytotoxicity,
more elaborate experiments will be needed in future studies.
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